In Brief
In nature, roots of healthy plants are colonized by diverse soil-borne fungi, but it is usually unclear whether this provides host fitness benefits. The fungus Colletotrichum tofieldiae colonizes Arabidopsis roots and transfers the macronutrient phosphorus to its host to boost plant growth and increase fertility under phosphate-deficient conditions.
Accession Numbers GSE70094

INTRODUCTION
In nature, all healthy, asymptomatic plants live in association with a vast diversity of microbes, comprising bacteria, fungi, viruses, and protists, collectively called the plant microbiota. It is now widely accepted that individual plants of distantly related species assemble taxonomically structured bacterial consortia, characterized by the co-occurrence of a few bacterial phyla, and environmental parameters such as soil nutrients drive diversification of the bacterial microbiota at the species or strain level (Lundberg et al., 2012; Bulgarelli et al., 2013) . Similarly, culture-independent community profiling techniques and culture-dependent surveys of surface-sterilized plant tissue revealed an enormous diversity of root-associated fungi, mainly belonging to three phyla, Ascomycota, Basidiomycota, and Glomeromycota (Rodriguez et al., 2009; Coleman-Derr et al., 2016) . However, since plant-associated fungal assemblages are hyperdiverse and mainly influenced by the biogeography of the host species (Coleman-Derr et al., 2016) , it is difficult to discriminate whether a particular fungal association with a healthy plant is merely the result of a stochastic encounter or has ecophysiological significance. Mycorrhizal fungi of the phylum Glomeromycota are the best-characterized beneficial fungi associated with plant roots, colonize 80%-90% of terrestrial plants, and mobilize soil nutrients, including the macronutrient phosphorus, for plant growth (Bonfante and Genre, 2010) . This evolutionarily ancient symbiosis evolved 450 million years ago, and the plant signaling pathway needed for mycorrhizal symbiosis is conserved in most flowering plants, but was lost in the Brassicaceae lineage, including Arabidopsis thaliana (Bonfante and Genre, 2010) .
Phosphorus is one of three macronutrients limiting plant growth in natural soils besides nitrogen and potassium, and synthetic fertilizers providing these macronutrients have been critical for crop productivity in intensive agricultural settings for 100 years. Plant roots can absorb only inorganic orthophosphate (Pi), although phosphorus is abundant in many natural soil types both as organic and inorganic pools. Pi can be assimilated by plant roots via low-Pi-inducible (high-affinity) and constitutive Pi uptake systems (Ló pez-Arredondo et al., 2014) . Plant-associated bacteria and fungi such as mycorrhizal fungi can mobilize plant-inaccessible inorganic phosphate in soils such as hydroxyapatite and Ca 3 (PO 4 ) 2 by conversion into bioavailable Pi. In addition, plants have evolved a phosphate starvation response (PSR) system that senses phosphate starvation and adjusts root and shoot growth accordingly (Poirier and Bucher, 2002) . The genetic basis of this PSR is well-studied in the model plant A. thaliana (Chiou and Lin, 2011) . However, it is currently unknown whether the PSR is coordinated with root colonization by beneficial microbes that mobilize Pi for plant growth under low phosphate conditions.
Flowering plants synthesize and accumulate a vast array of structurally diverse small molecules known as secondary metabolites. The diversification of several secondary metabolite classes and their corresponding biosynthesis pathways in plants is driven by microbes and insects (Dixon, 2001) . One of the beststudied and most diversified compound classes in A. thaliana comprises b-thioglucosides, known as glucosinolates, that are synthesized via branch pathways from methionine, tryptophan (Trp), and phenylalanine (Halkier and Gershenzon, 2006) . The PEN2 myrosinase-dependent metabolism of Trp-derived indole glucosinolates in A. thaliana is activated upon perception of pathogen-associated molecular patterns by pattern recognition receptors of the innate immune system and is needed for broad-spectrum defense to restrict the growth of fungal pathogens (Clay et al., 2009; Bednarek et al., 2009) . Although recent findings provided evidence for a metabolic link between the PSR system and glucosinolate biosynthesis (Pant et al., 2015) , its functional relevance remains unclear.
Here, we have characterized an ascomycete fungal endophyte, Colletotrichum tofieldiae (Ct), that was originally isolated from asymptomatic A. thaliana plants growing at Las Rozas, Spain after surface disinfection of leaf tissue (García et al., 2013) . Colonization experiments with germ-free A. thaliana plants revealed that Ct initiates endophytic growth only via roots and occasionally spreads systemically into shoots without causing discernable disease symptoms. Using
33
Pi isotope tracer experiments, we show that Ct, but not the closely related pathogenic species C. incanum (Ci), translocates Pi into the plant via root-associated hyphae only under phosphate starvation conditions.
Pi translocation is correlated with PGP. Using regulatory mutants of the A. thaliana PSR and mutants of Trp-derived secondary metabolite biosynthetic and regulatory genes, we demonstrate that Ct-mediated PGP needs an intact PEN2 myrosinase-dependent branch pathway for indole glucosinolate hydrolysis and regulatory components of the PSR. Moreover, depletion of all Trp-derived secondary metabolites renders Ct a pathogen of A. thaliana. An analysis of Ct interactions with two A. thaliana relatives, Cardamine hirsuta and Capsella rubella, points to indole glucosinolates as potential determinants of fungal host-range. We hypothesize that Ct is a root endophyte of A. thaliana and other Brassicaceae that might have compensated the loss of components required for mycorrhizal symbiosis in this plant family.
RESULTS
Colletotrichum tofieldiae Is Endemic in Natural A. thaliana Populations in Central Spain
We predicted that Ct should be present in healthy plants throughout the year if the fungus establishes a stable endophytic interaction with A. thaliana. We surveyed the distribution of Ct in plants growing at Las Rozas (''LRO'') using qPCR with a Ct-specific primer pair encompassing coding plus intron sequences of the tubulin gene. Ct was detected in more than half of tested plants from both leaves and roots during two seasons (November, April plus May) and in successive years (2009) (2010) (2011) (2012) , suggesting the fungus is wide-spread and persistent in this A. thaliana population ( Figures 1A, 1B , and S1A). We also detected Ct in samples from wild populations of A. thaliana at Ciruelos de Coca (''CDC''), Polá n (''POL''), and Menasalbas (''MEN''), which are located on the Central Plateau of Spain up to 300 km distant from Las Rozas ( Figures 1A and 1B) . Thus, Ct appears to be a widely distributed endophyte among A. thaliana populations in Spain. In contrast, we failed to detect A B Figure 1 . Prevalence of C. tofieldiae in Four Natural A. thaliana Populations in Spain Ct in three A. thaliana populations in Germany and France (Figure S1B) , suggesting an endemic association of the fungus with natural A. thaliana populations in the Central Plateau of Spain.
Ct Colonizes A. thaliana Systemically from Roots without Causing Visible Symptoms To visualize the infection process of Ct by live-cell confocal imaging, we first generated transgenic fungal strains constitutively expressing cytoplasmic GFP (Ct-GFP) by means of Agrobacterium tumefaciens-mediated transformation. Conidia of the transgenic strains were then inoculated onto leaves and roots of A. thaliana accession Col-0. On intact leaf surfaces, Ct spores germinated to form melanized appressoria at 8 dpi ( Figure 2A ). These are specialized infection structures essential for initial host cell entry by pathogenic Colletotrichum species (Deising et al., 2000) . However, although Ct was originally isolated from A. thaliana leaves (García et al., 2013) , fungal germlings were never seen to enter leaf epidermal cells and form invasive hyphae, even after 8 days. This suggests either that Ct does not use appressoria to invade A. thaliana leaves or that appressorium-mediated entry is terminated by the host. Next, we traced the infection of A. thaliana roots by Ct-GFP using transgenic plants expressing the aquaporin PIP2A fused with the fluorescent protein mCherry, providing a plasma membrane/ ER marker for living host cells (Nelson et al., 2007) . Ct spores germinated at 6 hpi, producing either one or two germ-tubes that became branched ( Figure 2B ). Around 24 hpi, Ct hyphae were observed to directly enter root epidermal cells, producing intracellular hyphae that were enveloped by mCherry labeling ( Figures 2C and 2D ), suggesting the host plasma membrane invaginates around the hyphae and that the fungus establishes a biotrophic interaction with living host cells. However, the mCherry fluorescence disappeared from epidermal cells soon after penetration, indicating a loss of viability, although adjacent more recently colonized cells remained alive ( Figures 2E-2G ). The initial biotrophic interaction of intracellular hyphae with root epidermal cells was therefore transient. Ct also invaded roots via junctions between epidermal cells to form intercellular hyphae (Figures 2H and 2I) . Whether penetrating directly into or between epidermal cells, fungal entry was by means of undifferentiated hyphae rather than appressoria, in striking contrast to Colletotrichum species infecting leaves (Deising et al., 2000) .
Following invasion of the root epidermis, Ct colonized the underlying cortex by means of both intra-and intercellular hyphae at 2 dpi ( Figures 2J-2M , S2A, and S2B). Importantly, the intracellular hyphae in cortical cells remained enveloped by an intact host plasma membrane for longer periods than those infecting epidermal cells (Figures 2L and 2M) , suggesting a more stable biotrophic interaction is established with cortical cells. By 8 dpi, extensive networks of extraradical hyphae enveloped the roots ( Figures 2N, 2O , and S2A), while in some localized areas, epidermal and cortical cells became packed with black microsclerotia, comprising clusters of swollen, spherical cells with thick, melanized walls ( Figures 2N-2P and S2B). In other root-infecting Colletotrichum species, microsclerotia can act as resting structures for long-term survival in soil (Blakeman and Hornby, 1966) . TEM revealed that some hyphae colonized the endodermis, but most failed to penetrate the suberized cell walls of the periderm ( Figures S2C-S2E ). Nevertheless, straight runner hyphae were occasionally seen growing inside the central cylinder parallel to the long axis of the root ( Figure 2Q ). This shows that some hyphae do overcome the periderm barrier and raises the possibility that Ct colonizes above-ground parts of the plant via the root central cylinder, as reported for Magnaporthe oryzae on rice (Sesma and Osbourn, 2004) and C. graminicola on maize (Sukno et al., 2008) . To test this, we grew Arabidopsis plants in a hydroponic culture system in which roots and shoots were physically separated (Strehmel et al., 2014) and inoculated the roots with conidia of Ct-GFP. Using RT-qPCR with GFP-specific primers, we detected the presence of the fungus in 11% of healthy leaves at 28 days after inoculation, increasing to 43% at 38 dpi ( Figure S2F ). Microscopic analysis at 28 dpi confirmed the presence of hyphae expressing GFP in healthy leaves, mostly restricted to leaf veins ( Figure S2G ). However, when leaves began to senesce at 48 dpi, the entire leaf was extensively colonized by mycelium, suggesting that Ct growth is limited until host tissues senesce ( Figure S2H ). Overall, these data suggest that Ct is a root endophyte on A. thaliana, which can also infect shoots systemically, without causing discernible disease symptoms.
Ct Promotes Plant Growth under Low Pi Conditions by Translocating Pi to the Host
To address the long-term impacts of Ct colonization on plant growth, we co-cultivated A. thaliana plants with Ct in vermiculite, a naturally occurring mica mineral, without supplying additional nutrients. After 30 days, mock-treated plants appeared stunted and accumulated anthocyanin in their shoots, a well-known abiotic stress response in Arabidopsis (Kovinich et al., 2014) . In contrast, plants co-cultivated with Ct had larger shoots that did not accumulate anthocyanins ( Figure S3A ), suggesting the fungus can promote plant growth in this low-nutrient soil-free system. We also measured silique production as an index of fertility and plant fitness. The Ct-treated plants produced significantly more siliques ( Figure 3A) , indicating that the fungus enhances both plant growth and fitness under low nutrient conditions.
To address whether Ct helps plants to assimilate nutrients, we used an agarose gel-based medium in which the concentration of specific nutrients, such as phosphorus, nitrogen, and iron, can be tightly controlled (Gruber et al., 2013) . In this system, we found that Ct promoted plant growth under low Pi conditions (50 mM bioavailable KH 2 PO 4 ). Thus, after 18 days co-cultivation with Ct, plants developed longer roots and larger shoots, as measured by shoot fresh-weight, whereas plants co-cultivated with heat-killed fungus showed no growth promotion ( Figures  3B, 3C , and S3B). Moreover, Ct also promoted plant growth when plant-inaccessible hydroxyapatite provided the sole Pi source, indicating that the fungus can dissolve this insoluble form of phosphate ( Figure S3C ). However, Ct did not promote plant growth under Pi-sufficient conditions (625 mM KH 2 PO 4 ; Figure 3C ), suggesting that a beneficial interaction with plants is established under Pi deficiency.
We also tested the plant growth promotion ability of a closely related Colletotrichum species pathogenic on Raphanus sativus that was previously reported as C. dematium (Sato et al., 2005) , but now identified as C. incanum (Ci) (Hacquard et al., 2016) . Remarkably, inoculation of Arabidopsis roots with Ci significantly inhibited plant growth under low Pi conditions ( Figure 3C ).
The improved shoot growth provided by Ct under Pi-deficient conditions correlated with a significantly higher P concentration in shoot tissues, as measured by inductively coupled plasma mass spectrometry ( Figure S3D ), suggesting Ct enhances plant growth by improving Pi uptake from media. The hyphae of AM fungi are known to capture Pi from the soil outside the rhizosphere and translocate it into the plant (Bucher, 2007) . To study phosphate transport by Ct to distant plant roots and subsequent allocation to the shoot, we used a two-compartment system with the radioactive tracer 33 P-phosphate added to one compartment ( Figures 3D and S3E ). To prevent 33 P diffusion through the medium, plants and 33 P were separated by a plastic barrier, which could only be bridged by fungal hyphae. 33 Figure 3D , mock). By contrast, 29 out of 37 plants colonized by Ct accumulated 33 P in their shoots to higher levels than mock-inoculated plants ( Figure 3D , Ct).
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P accumulation differed markedly between replicate Ct-inoculated plants, ranging from moderate (>5 to <40 kBq/g DW) to high levels (>40 up to 160 kBq/g DW).
In contrast, although most shoots of plants colonized by the pathogenic Ci accumulated more 33 P than mock-inoculated controls, the translocated 33 P levels were dramatically lower (<10 kBq/g DW in 30 of 36 plants) compared to Ct-infected plants ( Figure 3D , Ci). Remarkably, most plants colonized by Ct under Pi-replete conditions also did not accumulate more 33 P than the corresponding mock control plants ( Figure 3D ), which might explain why Ct-mediated plant growth promotion was detectable only under Pi-deficient conditions ( Figure 3C ).
Collectively, these results indicate that the transfer of 33 P from Ct hyphae to the shoots of host plants is strictly regulated by Pi availability.
Ct Colonization Activates the Expression of Several A. thaliana Pht1 Pi Transporters To investigate the mechanism(s) by which Ct promotes plant growth, we collected samples for RNA sequencing (RNA-seq) analysis from infected A. thaliana roots grown under Pi-sufficient and Pi-deficient conditions at four time points (6, 10, 16, and 24 dpi) and also Ct hyphae grown in vitro. We focused our analysis on fungal and A. thaliana genes that were differentially expressed in Pi-deficient versus Pi-sufficient conditions (log2FC >1, false discovery rate [FDR] <0.05). Among the top 100 A. thaliana genes that were differentially expressed at 24 dpi under Pi-starvation, nine were related to ''cellular response to phosphate starvation,'' validating that the host reprograms its transcriptome in response to Pi deficiency ( Figure S4A ). These included genes belonging to the Pht1 family of plasma membrane phosphate:H + symporters, some of which were shown to be required for Pi uptake from the rhizosphere (Shin et al., 2004) . Nine of these transporter genes were significantly upregulated in phosphate-starved roots in the absence of Ct while two, Pht1;2 and Pht1;3, were induced at higher levels only in the presence of Ct under Pi-limiting conditions at later time points (16 and 24 dpi; Figure 4A ). This result indicates that Ct enhances phosphate uptake in the host under Pi-deficient conditions, similar to mycorrhizal associations (Bonfante and Genre, 2010).
Ct-Mediated PGP under Pi Starvation Requires an Intact
A. thaliana PSR We tested plants lacking regulatory components of the A. thaliana PSR, encoding functionally overlapping transcription factors PHR1 and PHL1, or the phosphate transporter traffic facilitator PHF1 (Rubio et al., 2001; Gonzá lez et al., 2005; Bustos et al., 2010) . Due to the inherent plant-to-plant variation in 33 P translocation to the host (see above), we collected data for each host genotype from three independent experiments, each including at least 15 Ct-infected plants grown on at least three agar plates, for statistical analysis. Ct-mediated PGP under Pi-starvation was significantly impaired (p < 0.01) in phf1 mutants (Col-0: 1.45-fold versus phf1: 1.23-fold) ( Figure 4B ). The PHF1 membrane protein exerts a specific role in subcellular targeting of phosphate transporters from the Golgi to the plasma membrane and phf1 mutants display plant growth and Pi accumulation defects under Pi-limiting but not Pi-sufficient conditions P-labeled orthophosphate from Ct to A. thaliana shoots. Col-0 plants were grown on low Pi medium without (mock, n = 26) or with Ct (n = 37) or Ci (n = 36) or on high Pi medium without (mock, n = 27) or with Ct (n = 35) in a twocompartment system (cartoon). Figure 4B ) (Bustos et al., 2010) . Ct-mediated and phosphate starvation-dependent activation of both Pht1;2 and Pht1;3 was abrogated in phr1 phl1 plants ( Figures 4B, S4B , and S4C). Moreover, Ct-mediated translocation of high-levels of 33 P to the shoot (>40 kBq/g DW) under Pilimiting conditions is compromised in the phr1 phl1 double mutant ( Figure S4D ). Together, this indicates a functional engagement of the PSR in (1) Ct-dependent activation of phosphate transporter genes, (2) 33 Pi translocation to the shoot, and (3) PGP. However, translocation of high-levels of 33 P (>40 kBq/g DW) under Pi-limiting conditions was retained in phf1 plants ( Figure S4D ), indicating Ct-mediated 33 P translocation is uncoupled from PGP in this PSR mutant. We speculate that in phf1 plants Ct-mediated bulk Pi translocation to the shoot is retained whereas fine allocation between tissues needed for PGP might be impaired. Strikingly, Ct biomass was increased in phf1 single and phr1 phl1 double mutants compared to wild-type at 4 dpi ( Figures S4E and S4F ), revealing that PSR regulatory components limit fungal colonization. In contrast to the dramatic transcriptional reprograming observed in A. thaliana roots in response to phosphate starvation (>2,000 genes regulated across all conditions, log2FC >1, FDR <0.05), the fungal transcriptome remained very stable with only 61 genes significantly regulated (log2FC >1, FDR < 0.05, Figure 4C ). This result suggests that the Pi concentration used in our study (50 mM) does not provoke a major PSR in Ct. Consistent with this, Ct grew similarly in media containing either 50 mM or 625 mM Pi, as measured by mycelial radial growth ( Figure S4G ). Nevertheless, the two genes (out of 61) showing strongest induction at 24 dpi encode an acid phosphatase and a phosphate symporter ( Figure 4C ), suggesting that under low Pi conditions these are important for fungal solubilization and uptake of Pi, respectively. The capacity for growth in hydroxyapatite media was retained in mutant Ct strains in which this acid phosphatase gene (CT04_08450) was inactivated by targeted gene disruption, Figure S4 .
indicating that additional fungal genes are engaged in mobilization of this insoluble Pi source ( Figures S4H, S4I , and S4J).
Trp-Derived Metabolites Are Required for Restricting Ct Colonization
We tested whether the colonization of A. thaliana roots by Ct is restricted by innate immunity components ( Figure 5A ). We inoculated Ct onto roots of immunocompromised plants and then measured fungal biomass by qRT-PCR at 4 dpi. Neither fungal colonization nor Ct-mediated PGP were significantly different between Col-0 wild-type and the ein2 pad4 sid2 dde2 quadruple mutant even at late time points of infection (24 dpi; Figures 5B, S5A, and S5B), although this mutant is simultaneously defective in all three major phytohormone-dependent defense signaling pathways involving ethylene, salicylic acid, and jasmonic acid (Tsuda et al., 2009 Figure S5 . (Bednarek et al., 2009; Clay et al., 2009; Pant et al., 2015; Rajniak et al., 2015) , we also tested cyp79B2 cyp79B3 double mutant plants, which are depleted of all Trp-derived secondary metabolites, including the antimicrobials camalexin and indole glucosinolates ( Figure 5A ). Ct fungal biomass was significantly increased in this double mutant (Figure S5A ). Furthermore, Ct had a severe negative effect on the growth of this mutant and eventually killed the plants under both high and low Pi conditions, indicating that in the absence of these two cytochrome P450 enzymes Ct becomes a pathogenic fungus ( Figures 5B and S5C) .
To investigate which host metabolites are required for maintaining beneficial interactions with Ct, we tested A. thaliana mutant lines impaired in the production of particular classes of Trp-derived compounds ( Figure 5A ). We found that Ct-mediated PGP was significantly reduced in pen2 mutants, which cannot activate 4-methoxyindol-3-ylmethylglucosinolate (4MI3G) for antifungal defense by means of the PEN2 myrosinase in leaves (Bednarek et al., 2009) (Figure 5A ). However, PGP was not reduced in cyp71A12 or cyp71A13 plants, which lack sequence-related P450 monooxygenases required for camalexin biosynthesis in roots (Nafisi et al., 2007; Millet et al., 2010; Mü ller et al., 2015) . As CYP71A12 was recently shown to have an additional function in the biosynthesis of the antimicrobial 4-hydroxyindole-3-carbonyl nitrile (4OHICN; Figure 5A ) (Rajniak et al., 2015) , both camalexin and the short-lived nitrile are dispensable for the initiation and maintenance of the beneficial interaction. Ctmediated PGP was similarly impaired in both pen2 single and pen2 pad3 double mutants ( Figure 5C ), excluding the possibility that simultaneous depletion of camalexin and PEN2-initiated indole glucosinolate metabolism in the latter genotype accounts for the detrimental plant growth phenotype seen in the cyp79B2 cyp79B3 double mutant. The transcription factors MYB34, MYB51, and MYB122 act together to control biosynthesis of indol-3-ylmethylglucosinolate (the direct precursor of the PEN2 substrate 4MI3G) in shoots and roots and myb34 myb51 myb122 triple mutant plants are highly depleted of indole glucosinolates ( Figure 5A ) (Frerigmann and Gigolashvili, 2014) . Under Pi-starvation, Ct-mediated PGP was significantly impaired in this triple mutant ( Figure 5C ), suggesting that transcriptional control of indole glucosinolate biosynthesis genes is needed to maintain a beneficial interaction with the host. Interestingly however, despite the impairment of Ct-mediated PGP in pen2 plants, fungal biomass in roots of this genotype was not significantly different to wild-type plants ( Figures 5C and S5A ). This indicates either that the assay for fungal biomass quantification fails to detect slightly elevated fungal growth or implies a previously unsuspected positive role of indole glucosinolates in plant growth. Irrespective of this, the impairment of Ct-mediated PGP is a shared phenotype of pen2, pen2 pad3, and myb34 myb51 myb122 triple mutant plants and contrasts with the strongly detrimental plant growth phenotype of cyp79B2/B3 double mutants as well as enhanced fungal biomass only in the latter genotype ( Figures 5C and S5A ). This is reminiscent of the enhanced colonization shown by the endophytes Piriformospora indica or Sebacina vermifera on roots of cyp79B2/B3 double and myb34/ 51/122 triple mutants (Nongbri et al., 2012; Lahrmann et al., 2015) . Taken together, these data strongly suggest that (1) more than one Trp-derived branch pathway is needed for establishing a beneficial interaction with Ct, and (2) simultaneous depletion of all Trp-derived metabolites not only abolishes the beneficial interaction, but also allows excessive Ct colonization that ultimately kills host roots.
Finally, we examined whether natural genetic variation in the spectrum of Trp-derived metabolites in A. thaliana relatives can affect the establishment of a beneficial interaction with Ct. For example, the A. thaliana relatives Cardamine hirsuta and Capsella rubella are unable to produce camalexin and indole glucosinolates, respectively (Bednarek et al., 2011) . We found that Ct colonization promoted the growth of Cardamine hirsuta under low Pi conditions ( Figure 5D ), whereas it strongly inhibited the growth of Capsella rubella, similar to A. thaliana cyp79B2 cyp79B3 mutants under low Pi conditions ( Figure 5B ). Our findings from these close relatives of A. thaliana support our conclusions from A. thaliana mutants that the production of indole glucosinolates, but not camalexin, is critical for establishing a beneficial interaction with the fungus. Moreover, since the absence of indole glucosinolates seems to be rare within the Brassicaceae (Windsor et al., 2005; Bednarek et al., 2011) and A. thaliana and C. rubella are both found in central-southern Europe including Spain, the evolutionarily conserved capacity for indole glucosinolate metabolism within this plant family conceivably serves as a host range determinant for Ct.
DISCUSSION
Here, we have shown that an endophyte previously identified in A. thaliana leaves, C. tofieldiae, is prevalent in four tested populations within an 300 km north-south transect in the Central Plateau of Spain, but not in three other populations in Germany and France, suggesting habitat-specific determinants constrain the geographical distribution of this fungus in A. thaliana. Ct strains have been isolated from many other plant species, including monocots, and from diverse habitats across Eurasia, suggesting a very broad host range and geographic distribution for this fungal species (Damm et al., 2009; Tao et al., 2013) , but it remains to be determined whether the occurrence of Ct in these habitats and plants across Eurasia reflects stochastic associations or has physiological relevance. By analogy to Koch's postulates for pathogenic microorganisms, we showed that Ct reproducibly colonizes germ-free A. thaliana plants under laboratory conditions via roots, but not leaves, without apparent disease symptoms. Although Ct was originally identified as an endophyte from surface-sterilized A. thaliana leaves (García et al., 2013) , our data reveal this fungus to be a root endophyte, which can also infect shoots systemically via the root central cylinder.
Plant growth promotion (PGP) by Ct was shown to be tightly regulated by Pi availability, suggesting that beneficial activities of the fungus are conditional upon particular environmental conditions, e.g., the amount of bioavailable soil phosphate. This stands in striking contrast to the fungal root endophyte Piriformospora indica, which promotes plant growth under both low and high phosphate conditions (10 mM and 1 mM, respectively) (Yadav et al., 2010) . In central Spain, the levels of soil phosphorus are generally lower compared to central North Europe (Tó th et al., 2013) and phosphate levels are very low (ranging from 0 to 16 mg/kg soil) within a 5 km radius of the Las Rozas sampling site, potentially providing a fitness advantage for local A. thaliana populations colonized by Ct. The ability of Ct to promote A. thaliana growth when inorganic hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) was the sole phosphorus source ( Figure S3C ) suggests that a part of the beneficial activity of Ct involves solubilization of Pi from plant-inaccessible hydroxyapatite. Plant growth promotion by Ct was also observed with limiting amounts of bioavailable Pi in agar plates (50 mM; Figure 3 ), likely reflecting an expanded capacity of host roots to access Pi by means of long-distance transport via extraradical hyphal networks. Thus, the combined effects of extended soil exploration by infected roots and solubilization of plant-inaccessible Pi by Ct might contribute to the beneficial activity of the fungus in natural soils containing low levels of bioavailable phosphorus.
Our radioactive 33 P tracer experiments provide direct evidence for translocation of Pi from Ct, via roots, to A. thaliana shoots. This beneficial function is reminiscent of associations between plants and mycorrhizal fungi, which interact with roots and translocate Pi from soil via fungal hyphae to the plant shoot to promote plant growth (Bonfante and Genre, 2010) . Pi translocation by arbuscular mycorrhizal fungi is known to take place under Pi-limiting conditions at the fungus-plant interface inside root cells. Mycorrhiza-specific phosphate transporter genes and their regulation are conserved across phylogenetically distant plant species (Bonfante and Genre, 2010) . In Medicago truncatula, the mycorrhiza-induced Pi:H + symporter MtPT4 is essential for efficient Pi uptake from the fungus and symbiosis establishment (Javot et al., 2007 (Bustos et al., 2010) , are impaired in Ct-mediated PGP and translocation of high-levels of 33 P to the shoot. Functional homologs of AtPHR1 and AtPHF1 have been described in rice, designated OsPHR2 and OsPHF1 (Zhou et al., 2008; Chen et al., 2011) . Thus, it is conceivable that the evolutionarily conserved machinery for phosphate starvationinduced Pi uptake (Chiou and Lin, 2011) (Hacquard et al., 2016) . Metabolic profiling of A. thaliana wildtype and phr1 mutants has revealed a metabolic link between the PSR system and indole glucosinolate metabolism (Pant et al., 2015) . Our systematic genetic depletion of the corresponding immune response pathways encoding these Trpderived secondary metabolites revealed that more than one branch pathway is needed for the establishment of a beneficial interaction with Ct. Taken together, our data provide genetic evidence for a specific coordination between the PSR, the plant immune system and invasive fungal growth during beneficial interactions with Ct. Thus, the innate immune system has wider physiological roles than restricting only pathogen growth.
Endophytic fungi comprise a major fraction of the root microbiota of wild and cultivated plants as well as forest ecosystems, where they outnumber mycorrhizal taxa (Hacquard and Schadt, 2015) . Despite their diversity and potential contributions to plant growth and productivity, the physiological significance of these fungal endophytes is largely unknown. The C. tofieldiae-A. thaliana interaction offers a model for dissecting these poorly understood associations where the fungal partner is amenable to molecular genetic manipulation, including targeted gene disruption, and abundant genetic tools and resources are available for the plant host.
EXPERIMENTAL PROCEDURES
A detailed description of protocols can be found in the Supplemental Experimental Procedures.
Detection of C. tofieldiae from Natural A. thaliana Populations Healthy A. thaliana leaves and roots were collected from natural populations at four sites in Spain as described previously (García et al., 2013) . DNA extracted from the samples was used for qPCR amplification of the Ct tubulin 2 sequence.
Cytological Observations
Roots or leaves of 2-week-old A. thaliana plants expressing PIP2A-mCherry were inoculated with Ct-GFP spores (2-5 3 10 5 /ml) and imaged by confocal microscopy after 1 to 14 days.
Plant Growth Promotion Assay
A. thaliana plants were grown in MS agarose medium containing defined Pi concentrations or a low-nutrient vermiculite matrix, with or without Ct. Plant growth promotion (PGP) was evaluated by measuring shoot fresh weight, root length, or number of siliques from 15 plants per experiment.
33
P Translocation Experiments A small Petri plate (hyphal compartment [HC] ) was inserted into a larger square plate (root/hyphal compartment [RHC]), and both plates were filled with MS-medium ( Figure 3D ). Fungal mycelium was added to the HC and the system was incubated for 7 days. Two 10-day-old A. thaliana Col-0 seedlings were then added to each RHC and cultivated vertically for a further 7 days. When mycelium reached the plant roots, carrier-free 33 P-labeled H 3 PO 4 (270 kBq) was added to the HC and plants were harvested 17 days later.
RNA-Seq
Sterilized A. thaliana Col-0 seeds were inoculated with Ct (5 3 10 4 spores/ ml) and grown on half-strength MS agarose medium containing either 50 or 625 mM KH 2 PO 4 as Pi source. RNA was collected from infected roots at 6, 10, 16, and 24 dpi and Ct hyphae grown in liquid Mathur's medium for 2 days. Plant and fungal transcriptomes were then sequenced for differential gene expression analysis. For further details, see Hacquard et al. (2016) and the Supplemental Experimental Procedures. The RNA-seq data used in this study are available from the NCBI GEO database: GSE70094.
qRT-PCR cDNA was synthesized from 500 ng total RNA. Five microliters of cDNA (10 ng/mL) was amplified using the Thermal Cycle Dice Real Time System (TaKaRa). Primers used in this study are listed in Table S1 .
ACCESSION NUMBERS
The accession number for the RNA-seq data reported in this paper is GEO: GSE70094. 
SUPPLEMENTAL INFORMATION
